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ADVANCE CONFIDENTIAL REPORT 


COMPRESS IB ILITY EFFECTS ON -THE .LONGITUDINAL STABILITY AND 
CONTROL OF A--PURS.U IT— TYPE A JRELANE ; AS MEASURED IN FLIGHT.' 

By* William N-. Turner , ?aul ; J . Steffen , 
and Lawrence. A.. Clous ing . 

• *•■■■■• \ A - i summary"' .;. .'' ' '• • ' 

Measurements. :of*rithe : longitudinal stability^ and control 
of a pursuit— type airplane ( the P--39N— 1 airplane) were made ■ 
in flight up to a. Mach number of . 0^.73, . The data are presented 
in the form : of curves showing the variation, with center—of— 
gr av i ty pos i t ion , -.dyn.am i c pressure,’ and Mach' number’, of the 
stick— fixed an’d stick— free -st«a!bility , ..control Y a’nd balance 
of the airplane. 

It was found that large increases in stability occurred 
at high' Mach numbers, reducing feh.e .controllability of the 
airplane. Bar ge in-.cr.eas es , In diving moment were also 
encounter ed at high ! Mach -numbers and moder at e . 1 If t co— 
ef f icierits V • These changes were. «.caus ed - almost entirely by 
increases in- the tail angle of attack and the rate of 
change of'tail angle of attack w b h. • airplane . lift co- 
efficient resulting from .the. shock— stalling of the wing. 

An increment of stalling moment, -however, was encountered 
at high Mach numbers and very low lift coefficients, 
apparently caused by a negative shift in the airplane angle 
of zero l if t . ’ ’ 1 - : ’ - ; 

* * - ^ , * 1 . 

Distortion' of the* elevator fabric at high speeds, but 
not necessarily- high Mach numbers ,. caus ed the 3tick— free 
neutral point as measured :in. steady straight flight to move 
far rearward and increased the stick— force gradient in ac- 
celerated flight. •••!•. , 
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INTRODUCTION 


For the past several years the Nat ional . Adv Is ory Com- 
mittee for Aeronautics has teen conducting an extensive 
^£kt‘ ,pr ogram for. the purpose of obtaining quantitative 
'design criterions to .insure/favorable handling qualities 
of airplanes^ Practically all of these data, however, have 
been obtained at speeds. below those at which the compressi- 
bility of the air Appreciably affects the characteristics 
of thfe airplane. The capability of modern aircraft to reach 
high Mach numbers has made essential further investigations 
of the critical changes, that occur in the stability and 
control characteristics due to compressibility. Because 
of the hazards involved in investigating unfamiliar regions 
in flight, most of the present knowledge ..of this subject 
k. 8 ; s ..been obtained in windr tunnel tests of airfoil 'sections 
•and airplane models. Although the tunnel results have been 
of great ,val : ue in indicating the problems that would be 
encountered and the methods of solution, complete apprecia- 
tion of . the . effects actually encount ered in flight must 
^ ;te obtained from flight tests of actual aircraft. 

The purpose of the present investigation, was to provide 
information on the longitudinal stability and control .charac- 
teristics of. a typical . convent ional pursuit airplane, to . 
determine not ohly ' what .happened 1 1 6 the airplane hut also 
v/hy it happened, to ' subst ant iate ' the’ pertinent geriefai 
effects of- the ' compress ib ill ty phenomena as indicated in-, 
the wind tunnel,' 1 and , to proyi.de data for aid in further, 
evaluating and develop ing. the flying— < 3 ualit ies specifi- 
cations, , • ... .•' » • ; - ' ’ 

The data were obtained from astatic— stability flight 
tests conducted on a Bell P— 39N— 1 airplane with four center— 
of— gravity positions up to a Mach number. of 0.55 and . 
maneuvering— stability 1 9s..ts . conducted with the: center of 
gravity at 0.288 M .A. C, up Vp a, Mach’- number of 0;?8. 

In order to obtain data at , the highest 'Mach numbers, the 
airplane was. flown several times up to the maximum attain- 
able Mach number (about 0.80) by diving vertically from the 
absolute ceiling (about 34,000 ft), regaining level flight 
at 12,000 feet. 

It is believed that the present investigation is the most 
comprehensive of its type to date and may indicate general 
trends to be expected: even so, it only provides a part of 
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the information necessary for a complete general analysis 
of the problem which, of course, requires tests on many 
air craft i . 

The investigation was made by the NACA at the Ames Aero- 
nautical Laboratory, Moffett Field, Calif., at the request 
of the Air Technical- S erv ice Command , U . S . Army Air For ces . 

The symbols used throughout this report are defined in 
appendix. A. 

‘ * 

DESCRIPTION OF THE AIRPLANE 


The airplane utilized in this investigation, the Bell 
P— 39K— 1 airplane, is a s ingl e— engin e , s ingle— place , low— wing 
cantilever monoplane equipped with partial— span split flaps 
and tricycle retractable landing gear. 

Pertinent dimens ions', of the airplane are given in ap- 
pendix B. Figures 1 and 2 are photographs of the airplane 
as instrumented for flight tests, and figure 3 is a three- 
view drawing, of; the airplane* 

INSTRUMENTATION 


" Standard NACA photographically recording instruments 
were used to measure, as a function of time, indicated 
airspeed, pressure altitude, normal acceleration, elevator 
angle, elevat or . control force, pitching velocity, manifold 
pressure, engine speed, propeller— blade angle, and internal 
pressure in the elevator. 

A free— swiveling airspeed head was mounted on a boom 
about 4 feet ahead of the leading edge of the right wing at 
a spanwise station about 7 feet inboard from the wing tip. 
The head consisted of two separate stat ic— pr es sur e tubes 
(for separate connections to the airspeed recorder and 
altitude recorder) with a. single t ot al— pres sur e tube 
between them. The airspeed and altitude recorders were 
mounted in the wing at the base of the boom. Calibration 
indicated that the lag in this system was negligible. 

(See reference 1,). 
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The static pressure was calibrated fcr -position .error 
by comparing the reading of the recording altimeter with 
the known pressure altitude as the airplane was flown at 
several speeds past a reference height. It was assumed 
that the total pressure was measur ed ' cor r ect ly . Cal ibrat ion 
in the' Ames 16— foot wind tunnel showed that the error,;, in; ^ 
reborded airspeed due to the difference in the blocking of : 
the head itself between the highest Mach number obtained in 
the flight calibration (0.50) and the highest Mach . number 
obtained in these flight tests (0.78) was less than . 1 percent. 


Indicated airspeed was c.omputed according to the formula 
by which standard airspeed meters are graduated (gives true 
airspeed at standard sea— level conditions). The formula may 
be written as follows; 
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All elevator angles were correct ed f or s tr etch in. the 
elevator control system between the elevator and : the control- 
position recorder. 


In order to investigate distortion of the fabric, photo- 
graphs of the upper and lower surfaces of the left elevator 
v/ere taken with 16— millimeter gun-s ight— aiming— point cameras 
mounted in the base of the fin just above the horizontal 
tail and id' the fuselage jus t . below the horizontal tail . 

S traight 1 in es paint ed' on • the , f abr i c , above r ibs and bet weep 
ribs furnished- suitable ref erences for evaluating the 
distortion. (See figs. 2 and 4.), Three addit ional ■ ribs 
in which pressure -orifices were mounted were installed^ in 
each elevator. Their location may be noted in figure 4, . 

The orifices were used in connection with a separate 
investigation. • • 


TEST PROCEDURE AND CONDITIONS : 


Data were obtained with four -cent er— oX— gravity ‘pos it ions 
in steady straight flight -at Mach number sl'below ,0 o 55.- * .This 

1 The general relationship between indicated 'airspeed, • 
pressure altitude, and Mach number is shown in fig. 5, 
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group of data is referred to as "the lower Mach number 
data. " 

Further tests were run at Mach numbers from 0.33 to 
0 , 78 -wi,th the cent er of gravity at cne location, 0.288 M.A.C. 
These testis cons^st^ed principally of gradual turns or pull- 
outs, Only the portions of the maneuvers where the pitching 
acceleration was negligible were used in the data reduction. 
This group of data ; is referred to as "the higher Mach number 
data." It was ! believed, that ..the, add it iohal inf ormat.ion;, to 
be gained' from tests with. more, than one ceii t ef-o.fr- gravity 
position at high Mach numbers was not imp art ait 'enough to. . 
warrant further risk to the airplane and pilot. 

All tests were conduct ed with flaps and’ gear ^up» the oil 
and coolant shutters were set one— half open (flush with. the 
main fuselage contours)* .-.Power-off tests v/ere run with the 
engine fully throttled and the propeller in the 'high— pitch 
setting. Power— on tests v/ere run with normal -rated power 
( power sett ings ’ of 39 in> . H-g . M .P . and 2600 rpm ) up to the 
critipal ait itu.de; at higher, alt itudes the power was set . at 
full" throttle with- 3000 rpm. In. some of the dives from high 
altitude the latter prower control settings were no-t changed 
even though the airplane was dived past the critical altitude. 
Curves of the actual values of engine speed, pr op ell er— blade 
angle, and brake hdrsepowe.r. (aa determined by reference \to 
the engine— power charts) resulting from the power: settings 
are shown in figure 6. 

PRESENTATION OF THE DATA 

So ’that? a unified impression of the organization and 
scope of the data may be obtained, the curves are briefly 
described in the ord ; er of their presentation. Details of the 
methods and formulas us ed in . der iving certain curves ar e. 
described in the section Results and Discussion. 


The Lower Mach Number Data 

The lower Mach number stick— fixed longitud inal— s.tabil i ty 
data for the' clean configuration are. shown in figure 7 for the 
power— off and the. normal— rat ed— power conditions-. This- figure 
includes the basic curves of elevator; angle as a function 
of , the derived curve of neutral point as a function of 
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• an ^ the several cross, plots by which the data were 
faired and the neutral point determined. The variations 
-- of Mach number .and dynamic pressure with C, also are 
indicat ed. - • • • 

Similar data showing the, stick— free longitudinal 
stability are presented in figure 8„ 

The elevator- internal— pressure coefficient is shown as 
a .function of elevator angle in figure 9. 

Profiles’ of a typical elevator section between ribs 
showing.the fabric distortion encountered under several 
flight conditions are presented in figure 10 , The profile 
at the ribs did hot become measur ably : dis t or t ed . 

The lower Mach number data are compared in appendix C 
with- similar data obtained on a P— 39D— 1 airplane at Langley 
■P ield. 


The Higher Mach Number Data 

The measured and derived data obtained from the tests 
at higher Mach numbers are shown in figures 11 to 17 0 
Although tests were made with both power on and power off 
at altiuudes from 5,000. to 30,000 feet.,, differences due 
to changes in power. and altitude were not large enough to 

be separable; the data,, therefore,, were considered as one 

group-, ’ • . ' ; 

. ■ i . , ' ■ 

Pigure il shows' typical basic stability data (elevator 
angle and stick-force modulus P e / Q as a function of lift 
coefficient Straight lines .were’used to fair the data; 

curvatures which apparently were indicated in some in- 
stances by the trend of, the test points were believed due 
more to small variations in the -Mach number during the • 
high— speed pull-outs than to actual changes in stability 
with lift coeff icient „ The failed data in figur'e IT, ; *• 
along with a large ’amount of similar data not presented, 
were cross— plotted and again faired, resulting in the 
curves of elevator angle as a function of Mach number shown 
in figure IS and stick— force modulus as a function of Mach 
number shown in figure 13, The points are included on 
these figures -to indicate the magnitude of the dispersion 
in the data. The curves of figures 12 and 13 have been 
replotted to a common zero axis and cross-plotted as a 
function of lift coefficient in figures 14 and 15 to 



NACA ACE No* 5113 ' . 


7 


Indicate more clearly the stability changes involved. 

Figure 15 also includes curves of F e /q computed on the 
assumption that the low— speed hinge— moment coefficients 
did not vary with Mach number or fabric distortion, thereby 
enabling the magnitude of these effects to be more readily 
appr eciat ed . 

The data in figures 14 and 15 were used to obtain the 
stick-fixed and stick-free stability parameters d6e/dCL 
and d( Fe/q ) /dCL ) and the neutral point. These parameters 
are shown in figure 16 as a function of Mach number, The 
curves of figure 16 with other data then were used to 
compute the variation of C^g with Mach number shown in 
f igur e 17 . 6 


Additional Derived Data 

The variation with Mach number of the pit ching— moment 
coefficient (about the 0,288 M.A.C, point) of the wing only 
and of the airplane minus the horizontal tail was computed 
from the wing pr es sur e— dis tr ibut i on data of reference 2 and 
from unpublished tail pr es sur e— dis tr ibut ion data on file at 
Ames laboratory. The variation is shown in figure 18, The 
elevator angle reauired to overcome only these moments then 
was computed and is compared in figure 19 with the angle 
measured in flight. 

The remaining curves were computed from the foregoing 
general data. Figure 20 shows the variation with indicated 
airspeed of the stick force required to balance the air- 
plane at a normal acceleration factor of 1.0 and an 
altitude of 15,000 feetj in addition to the forces actually 
measured in flight, a curve is shown calculated on the 
assumption that the elevator hinge— moment coefficient was 
not affected by bulging or compressibility, and another 
on the further assumption that the airplane pitching- 
moment coefficient was not affected by compressibility, 
Figure 21 shows the variation with indicated airspeed of 
the stick— force gradient in accelerated flight for the same 
conditions as those specified in figure 20, Figure 22 
shows, as a function of indicated airspeed, the acceleration 
that would be obtained in a st ick— r eleas e pull-out and in a 
pull-out with a 50— pound— pull stick force at an altitude of 
15,000 feet. 
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• RESULTS AND DISCUSSION. ' 

The Lower Mach Number Data 

S tick— fixed longitudinal stability .— The curves' of. 
elevator angle and rate of change of elevator angle with 
lift coefficient, shown as functions of C^ and center— 
of— gravity position in figure 7, in general ,. ’exhibit ... 
entirely normal characteristics. It is seen, that the stick- 
fixed neutral point in the power-off condition varied from 
0,335 M.A.C.’ at C L = 0,12 to 0,324. M,A.C. at • ’ C L : = 0*6, 

The neutral point in the power-on condition varied from 
0,347 M.A.C. at C L = 0.12 to 0.332 M.A.C. at C L = 0.6, 

The fact that the neutral point with power off was ahead 
of that with power on probably was due, principally, to 
two' factor s : 

1 , The destabilizing effect .of the substantially higher 
propeller— blade angles used in th e . power— of f condition 

'(fig. -6) • . . . . .; . 

2 . The stabilizing effect of the thrust moment in the 

power— on cond it ion, ( cons tant bhp) as the speed changes 
with (The center of gravity of the airplane lies 

about two— thirds foot below the thrust line and is probably 
very near the center of drag.) 

Stick-free longitudinal stability .^- The . curves of stick— 
.force modulus and r'ate o'f change of this parameter with t 

shown- as functions of C^ and center— of— gravity position in 
figure 8 ; , exhibit normal characteristic's in the higher test 
range but not at the lower value’s of C^, The value of 

the stabil'itv parameter - [d( 7. e /q. ) /dCp] Is seen to become ab— 

' d( Fe /a ) /dC L 

normally large at tlie;.lo,wer 1 s , .and the slope ~ 

actually reverses sign so that the . s.t ick— fr ee stability be- 
comes greater as the center of gravity moves back. As a re- 
sult, the ;st ick— free neutral poin^ in the power— off condition 
'varies from 0,348. M.A.C. at = 0,55 to 0,385 M.A.C, at 

= 0,25 to 0,60 M.A.C, at C L = 0.185; in the power— on 
condition the neutral point varies from 0,315 M.A.C, at 
C^ = 0,55 to 0,385 M.A.C. at C^ = 0,25 to 0,60 M.A.C, at 
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- 0.185; and for both power conditions the neutral point 

moves infinitely far aft (no change in stability with center— 
of— gravity position) at a of about 0,15, reappearing 

ahead of the airplane at lower values of CjQ . 

These peculiar characteristics cannot be ascribed to 
the effects of Mach number as the highest test value of this 
parameter was about 0.55, well under M cr for the wing 

at low lift coefficients. The effects are, however, typical 
oi those resulting from bulged elevator fabric when down 
elevator is required to balance (as in this instance) and 
the internal pressure in the elevators is of the same order 
of magnitude as the free-stream static pressure. (See 
reference 3 and fig. 9.) The altered hinge— moment 
characteristics (as indicated by the stick forces) result 
from the changed profile of the control surface, which in 
turn depends directly on the magnitude of the pressure 
over it, the pressures increasing directly with dynamic 
pressure and elevator deflection. It is logical, then, 
for the effects of bulging to predominate at low lift 
coefficients and with the more rearward cent er— of— gravit y 
locations for the following reasons! 

1, In this type of test, where is changed by vary- 

ing the speed, the dynamic pressure and the rate of change 
of dynamic pressure with grow rapidly large as 

decreases. (See fig. 8.) 

2. Greater down— ele vat or angles are required to balance 
the rearward shift of weight. 


Profiles of a typical elevator section between ribs 
(fig. 10) show that the general trend is toward bulging of 
both the upper and lower forward surfaces of the elevator 
and marked cusping near the trailing edge. In addition, 
the maximum bulge ordinate, especially at the higher Mach 
numbers, is located farther aft on the top surface than on 
the bottom surface} The source of the increased push forces 
required at high speeds is therefore readily apparent be- 
cause the cusping of the trailing edge changes in a 

o e 

negative direction (reference 4), thus increasing the push 
forces required for a given down— elevator deflection, and 
the greater persistence of convexity toward the trailing edge 
of the upper surface produces a curvature of the mean camber 


1 The elevator is vented around the hinge cutouts and 
by l/4— in, diameter holes in each bay of the lower-surface 
fabric about 1^ in, from yh$ trailing edge. 
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line tending to produce a negative hinge moment, requiring' 
an additional push force at the stick. . 

While maintenance of a high degree of 3 tick— free sta- 
bility with far rearward cent er— of— gravity locations allows, 
smooth handling of an airplane in spite of 1 the presence of 
stick— fixed instability, the associated elevator distortion 
on this airplane also produced a large. change of elevator 
stick force required for balance as the speed increased^, 

This detrimental effect will be discussed later in more 
detail, • .. ' 


The Higher Mach Number Data 

S_tlck— f!lj£.sA— Lon'gl-tud lnal stability and co ntrol,..*- The 
variation with Mach number of the. rate of change of elevator 
angle with lift- coefficient (figs. 11, 14, and 16) indicates 
a stability increase starting at a Mach number of- about 0,6. 

At a Mach number of 0„?8 the stability parameter dSe/dOp 
is —41.5, as compared with the low— speed value of —3,5, 

According to reference 5, the increase of stability at 
the higher Mach numbers is a characteristic trend arising 
from the shock-stalling of thewing and persisting until a 
similar stall occurs on the tail. The = stability increase 
r esul t s , pi- inc ipal ly from the increased rate of change of 
wing angle of attack with lift coefficient, resulting' 
directly in a greater rate of change of tail angle of. 
attack with airplane lift coefficient, A greater stabilizing 
moment is thus produced by the tail for a given change in 
lirt coefficient and a greater- change in elevator angle is 
required to balance the airplane. 

A reduction in the ability of the elevator to change the 
airplane pitching moment also would result in increased 
values of dS e /dCL c Tests in the Ames 16— foot high-speed 
wind tunnel B however, have shown essentially constant 
values of dC^/aSe up to a Mach number of 0,-80 on air- 
planes with ta i 1 - surf ac e.s . up ..to 12 percent thick. The 
tarl of the P— 39N— 1 airplane is about 8 percent thick, ' 

It is instructive- .-to note the shift in neutral point 
indicated by the foregoing data, .. The neutral point and its 
change with Mach numb e r (fig, 16) were estimated by substitut- 
ing the experimental; values of , dfig/.dCp in the following 
formulas ' ‘ 
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The value of a^ was adjus t ed. f or variations in Mach number 

by dividing, the,^ low— speed value,. 0,60,. by ( 1— M?)V 2 . The 
value. .of .-* ' t ' ; was estimated as 0.62 and was as.suzned to be 
unaffected' "by compressibility. The:dyhamic pressure at 
the tail ’was assumed- equal to the :free— stream dynamic 
pressurrev- 5 The' n,eutral point is Be&n.to vary. .from about 
0.35 M.AvCV at : M, = 0.4 . to 0.36 M.A.CV at M"= 0.6 to 1.34 
M.A.C. at • M =' 0,'?8. ' ' 5 ' ' 

As thts series, of data wag obtained principally, in 
curvilinear flight, the neutral point should properly be' \ 
called a maneuvering neutral point. The approximate 
r earwar d-movehent , of .the neutral point due to pitching of 
the airplane may be expr eased, as follows’f 

A x 1 / dC L) a t' Sf.. it 

A.. — . ='■ — - — : — — 

, ’ • I.:.'' C ■ SC j ' , . , 

An average value of Adat/dC^ for' this group of tests was 
0,34, resulting in a value of A(x'/c) of about 1 percent 
of the M-.'A.C, The straight— flight neutral point at low 
Mach num’ber s was , . t hen , at about 34 percent of the M.A.C.; . 
this value agrees well with that determined from the static- 
stability tests at four c ent er-^of— grav i ; ty positions (fig. 7.).» . 

The variation, with Mach number; of the elevator angle 
required for balance at a constant lift' coefficient- (-figs . 11 9 
12, and 14) indicates the gradual onset' of a stick— fixed 
stalling— moment increment starting at a Mach number of about 
0.5. At positive values of the lift coefficient, this stalling 
moment changes rather rapidly to a diving moment at the higher 
values of Mach number. • " • ' ' . 

The diving moment at the 'higher Mach numbers , according 
to reference 5, and as will be shown later, results princi- 
pally from the increased tail angle of attack caused by the 
increased airplane angle of attack required to maintain a 
given positive lift coefficient af ter the shock stall. The 
gradual onset, of a stalling moment at the moderat.e Ma^ch ^ .. 

numbers, however, is, not, a genera.1. .characteristic ; of. air— 
planes at low lift coefficients and . do es not originate as 
a pitching moment oh. the wing or airplane— minus— tail group. 

(See fig. 18.) At positive values of the lift coefficient 
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the change in elevator angle ( stall ing— moment increment) 
is in the direction required to offset the change in' tail 
angle of attack due to the increased slope of the wing lift 
curve in this Ma'ch number range. The stalling— moment 
increment is also present, however., at a 'lift coefficient 
of zero; this fact might indicate that in this Mach number 
range the parts of the airplane (wing and propeller) ahead 
of the tail are operating at positive values of lift when 
the airplane lift coefficient is zero, the resulting local 
downwash at the tail .necessitating do wn— el e-vat or deflections 
to maintain balance.. Extrapolation of’ some of the lift- 
distribution data of reference 2 , f or wing sections ahead 
of the right tail 43 — and 78— percent— span stations , supports 
this ind i Cat i on ; ■ th e wing section— lift coefficients are, 
however, too small to account for any but a small fraction 
of the, elevator angles shown-. The only major remaining 
possibility, then, is that the stalling moment results from 
^ a negative shift of the airplane, angle of zero lift, an 
•unusual, 'although possible, phenomenon. 

St ick— free longitudinal stability and’ control .— The 
variation with Mach number of the rate of change of the stick—, 
force modulus with lift coefficient (figs. 11, 15, and 16) 
indicates a stability increase sta.rting at a Mach number of 
" about- 0.5, .At • a Mach number of 0.78 the stick— free stability 
parameter d(3’ e /q)/dCL j. s 122, /as compared with the low— 
spe'e.d ; value of 8v 

; - The variation with Mach number of the stick— force 

modulus 'r equired for balance at constant lift coefficient 
(figs. 11, 13, and 15). indicates the gradual onset of a 
t , stick— free stalling moment starting at a Mach number of 
about 0.4 to 0:. 5.. - . A t . appr eciabl e values of the lift 
coefficient, this stalling moment changes rather rapidly 
to. a' divihg moment at the higher values of: Mach number'. 

It is seen -that the stick— free characteristics of the 
airplane are very similar to the stick— fixed characteristics. 
^This fact intimates that large changes in t he . h inge-rmoment 
, 'Parameters toward overbalance do not occur. In order to 
] ' aet ermine the magnitude of the change in stick force due to 
; bulging' and Mach; number , .the hinge— moment parameters Cjj 
. •- "and Ch§ e were estimated from the data taken at Mach 

.pumbers Of 0.4 and, below. ■ The. negligible shift between 
— " : ! S ^ lek— fixed and s t i ck-^f r.e.e neutral points, as shown for 
both power conditions in figures 7 and 8, indicated that 
■ • c h at was approximately . zero. .Other data (fig. 16) then 
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Indicated that ®hs e was . about —0.0043, Using these 

values, the dotted curves of figure 15 were computed, 
showing the values of stick— force modulus that would have 
been obtained if there were no effects of bulging or Mach . 
number on the hinge— moment parameters. The principal 
effects of: the bulging are seen to be an increase in the 
push’ forces reouiped for balance and an increase in the 
value of d(E e /q)dCi, for a given Mach number. The 
significance of these changes will.be discussed further 
in a later section of .the report. 

On the assumption that the change in with. Mach 

number was small enough to be negligible, the data of figure 
16 were used to compute the variation of with Mach 

8e 

number. (See fig, 17.) The value of C h thus determined 

“6e 

was found. to increase from —0,0043 at K =0.4 to —0.0068 
at M = 0,65, and then decrease to about —0,0055 in the 
range M = 0.73 to 0.78, The hook in the end of the 
curve shown in figure 17 may be only the result of the. fair- 
ing of the. cross— plotted data. The increase in the numerical 
value of the derivative in the first part of the curve is 
probably the result of the fabric bulging; at Mach numbers 
above 0. 65 . this ef feet apparently is overshadowed by the 
usual trend toward overbalance of balanced control surfaces 
at high Mach numbers shown by available data from high-speed 
wind-tunnel tests. 

As a further result of the assumption that. Cy, remains 

n at 

essentially zero, the s t ick— free /neutral point will coincide 
with the stick— fixed neutral point in all conditions. 


Additional Derived Data 

Elevator angle required to ba l ance w ing p it ching moment 
and airpiane—minus— tall pitching m oment.— It is interesting 
to determine the relative amounts of the change, with Mach 
number, of the elevator angle required to balance the. change 
in the wing pitching moment alone, or the change in airplane- 
minus— tail pitching moment, and that required to balance 
the change in tail angle of attack. The change in elevator 
angle required to balance the change in wing p i t ch ing— moment 
coefficient or airplane— in inus— tail p i t ch ing— mom ent coefficient 
was computed as follows: 
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The same assumptions were made concerning the variation of 
at and T with Mach number as had been made a pr evi ously, 
so that ; 

> VA8 e - 62.5 or ^ c m A _ t ') ^ 1 ~ M 2 ) 1 ^ 2 

The values of AC ' and AC-, a ^ were taken from figure 18. 

“w m A— t 

The results (fig. 19) show that very little of the 
elevator-angle change was required to overcome .the change 
in pitching moment of the wing or airplane— minus-tail 
group, substantiating the statement made previously that 
the principal changes in balance and stability at high 
Mach numbers wer v e caused by the increase in tail angle of 
attack and in the rata of change of tail angle of attack 
with lift coefficient. A tailless airplane, then, might 
be expected to encounter less trouble from changes in 
stability and balance at high Mach numbers than does the 
conventional type. • 

Siiak -f-QT ce s required to bala nce at various sneeda^- The 
data so far presented (figs. 11, .13,. and 15) have shown, 
for moderate values of lift coefficient, the usual onset 
of- a diving moment as high Mach numbers are reached; thus 
diving moment is replaced by a '.stalling moment ,‘ however, at 
very low lift coefficients. The change in Iff t . coefficient 
with Mach number in a straight dive is such ■ that , zero lift 
coefficient, is approached at higher speeds , the effect of 
the negative change in zero— lift angle (see earlier dis- 
cussion) is predominant, and a stalling moment is en- 
countered throughout the dive. This characteristic con- 
tributes to the maintenance of push forces throughout the 
entire upper part of the speed range in straight diving 
flight . 

It is inter esting to note that the North American 
P— 51B also undergoes a negative shift in the angle of zero 
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lift at high Mach numbers as indicated by tests in the 
Ames 16— foot high-speed wind tunnel; the resulting change 
in moment coefficient at zero lift, although not always 
positive, is small* The wing sections on the P—39 (NACA 
0015 to 23009) and P-51 (modified low— drag) airplanes 
are quite different. No explanation is offered at this 
time for the unconventional shift of zero— lift angle on 
these airplanes. 

The variation, with indicated airspeed, of the stick 
force required to balance the airplane in a dive at 15,000 
feet (fig. 20) shows that the maximum push force required 
(69 lb) exceeded the value of 50 pounds specified by 
reference 6, although it did not exceed the value of 
( n— l)(Q) specified by reference 7. (Por values of Q, 
see next section.) The pilot found the high push forces 
at high speeds very uncomfortable and regarded them as 
hazardous. It is believed, therefore, that the requirement 
of reference 6 is more suitable than that of reference 7. 

If the effects of bulging and compressibility on the 
hinge— moment coefficient could have been eliminated, the 
maximum push force required for the same tab setting would 
have been only 22 pounds. The larger push force actually 
required was mainly the result of the elevator fabric 
distortion, as high Mach numbers usually tend to increase 
the control-surface-balance effectiveness. The advantages 
of limiting the elevator — contour distortion to negligible 
values by use of stiff er surfaces are apparent. 

By considering the expression for the stick force due 
to a symmetrical control surface with neutral tab and 



P e = ^e c e 8 <1 6e, 

8 e 

it can be seen that, in spite of the fabric distortion, 
the stick— force change with speed in a dive also could have 
been reduced by increasing the stabilizer incidence so that 
the elevator angle (with reference to the stabilizer) re- 
quired at high speed was approximately zero. 

Pigure 20 also shows that the stick-force change with 
speed could have been still further reduced by eliminating 
the stick— fixed balance change with Mach number. 
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- St ickr-f or'ce— grad'i’erft var iat Ion with speed . — The variation, 
with indicated .airspeed,' 'of- the stick f orce gradient -at- an 
altitude of 15 ,000 f e e t : ( f ig. 21 ) shows that a’ value Of Q 
of 4 pounds per.g'was obtained up to an indicat ed -air speed 
of 290 miles .per hour ; 'the gradient .’then increased, 'it '• 
first slowly but then more rapidly, until a Value of 61*5 
pounds per g was obtained at a speed of 460 miles peh hour. 
Bocaus.e- of .• Jthe change in stick— fixed stability , a" c-hange.: 
in'--, Q, -at high speeds also. in ou-1 d- h a ve been obtained even 
If the. cent r..ol— surface -hinge— momen t parameters remained 
constant J-, f igure 21 shows - that the. increase would nob -have 
started, however , until 350 miles per hour was reached, 
and .the , value at 460 miles per hour would have been -4.5 
pounds -.per . g , smaller but still rather large. - Elimination 
of the., change in stick— fixed stability with Mach number ... 

< ;fc her «f.or,e , would most effectively limit the increase, of. 
ii* .in this instance.. Lesser improvements could: be obtained 

by limiting the change in Oy, , by use of clos-er rib- 

. . o e . „. .. 

spacing, plywood,- or. metal surfaces. Changing the stabilizer 
< -setting would not materially alter the value of - ;Q, obtained . 

!The variation', with indicated airspeed, of the. acceler- 
ation factor that would be. obtained in two .'types .of pull- 
outs. (fig. 22 ) was . computed. from the data in f igur es, 20. 
and, 21» It is i shown that., : as the. speed and the. Mach 
number decrease in a' nearr*.t erm in&l— speed pullr-out. ..with ., 
this airplane, the acceleration obtained for a given stick 
force increases rapidly. Thi.9 type of variation admits, 
the p'oVs ib'fl : ity qf .a pilot ...inadvertently overloading the 
airplane as a sizable pull force which -at one. speed 
produced only a moderate pull-out could, unless relaxed 
rapidly, result in excessive load factors as. the speed 
decreased. A point of further interest also can be. brought 
out here. It has become customary to warn pilots against 
using the trim tab to pull out of a high Mach number dive, 

. t.he.. theory* being that the tab., while relatively inef- 
fective at the highest Mach numbers, would suddenly become 
. , effective as altitude and Mach number decreased in the dive, 
thus cads ing a sudden violent pull-out. The previous, 
d is cus s ion • s'uggests 'that., eyqn . with ho change* in tab .sett ing 
.-during the pull-out, the same effect might • be.-produced by 
j . the;' cpmh ifte& y changes .in: trim . and stability of an airplane 
as the Mach number decreased in the dive.' 
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; • CONCLUSIONS-' 

The' following conclusion's result from the data presented 
herein and apply specifically to the airplane, the conditions, 
and the range of variables tested. 

1. Stick— fixed stability 

(a) The neutral point at low Mach numbers was at 
an average location of about 0.34 M.A.C. 

(b) The stability increased markedly at Mach 
numbers above 0.6, and the corresponding neutral point 
moved well aft. At a Mach number of 0.78 the neutral 
point was at about 1.34 M.A.C. 

(c) The increase in stability at high Mach numbers 
was found to be almost entirely the result of the increased 
rate of change of tail angle of attack with airplane lift 
coeff icicnt . 

2. Stick— fixed balance 

(a) At constant lift coefficient,' as the Mach 
number was increased above about 0.5, a gradual stalling 
moment was introduced. This stalling moment, resulting 
from a negative change in the angle of zero lift and from 
changes in dc-wivwash at the tail, was maintained to the 
highest limits of the tests (M = 0.78) at very low 
lift coeff icients , 

(b) As the Mach number increased above approximately 

0 o 7 at moderate values of the lift coefficient a diving 
moment was obtained: This moment was almost entirely the 

result of the increased tail angle of attack resulting 

from the greater airplane angle of attack necessary to 
maintain a given lift coefficient after the wing' shock 
stall « 

3 e Stick-free stability 

(a) The neutral point at moderate speeds and Mach 
numbers was at aboxit 0 o 34 M.A.C*, 

(b) As the speed increased, regardless of the Mach 
number, distortion of the elevator fabric occurred in 
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such a manner as to increase the stability and move the 
neutral point, as determined in steady straight flights 
far rearward. 

.(c). When measured in steady accelerat ed f 1 ight , 
the stick-force grs.dient maintained its low— speed value 
of 4 pounds per g to a Mach number of about 0 „ 5 „ then 
gradually • incr eased to 61.5 pounds per g at a Mach 
number of 0.78. About 70 percent of this change was 
caused 'by the increase in stick— fixed stability, the, 
remainder being caused by the effects of fabric distortion, 
and compressibility on the elevator hinge moment. As 
nearly as could be determined, the stick— free maneuvering 
neutral point corresponded with the stick— fixed maneuvering 
neutral point. . 

4. Stick— free balance 

'• (a) The stick— free— balance changes with .-Mach number 
were similar in direction to the stick— fixed— balance chances , 
although they were greatly magnified by the elevator fabric 
d is tort ion , 

(b) With the tab set to obtain zero stick force 
at an indicated airspeed of 300 miles per hour at 15,000 
feet, the push force r equired near the maximum allowable 
speed at the same altitude was excessive (69 lb). This 
force could have been reduced about two— thirds by eliminat— - 
ing the elevator— fabr lc distortion. • 

(c) The change in trim stick force with speed, when 
combined with the change in stick— force gradient with speed 
in accelerated flight, presents the possibility of in- 
advertently obtaining excessive loads on the airplane in.' 

a constant— stick— force pull— out at high Mach number if the 
speed decreases rapidly. 

Afflcs Aeronautical Laboratory, 

National Advisory Committee for Aeronautics, 

Moffett Field, Calif. 
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APPENDIX A 

" ' 

SYMBOLS ; \ .. *’ • ' 

’ *v ' , • 

The symbols us.ed throughout ' this report 'are .def ined 
below 5 .. 

'* •• General 


W airplane weight;- lb 

V i correct indicated airspeed, inph ■ 

Y true airspeed,, ft/sec (except as noted) 

p density of the air, slugs/ft 3 

S e el evator angle , deg (from thrust line) 

f 

at tail angle of attack, deg 

M Mach number , ratio of: V to speed of sound in free 
stream • 

M ar critical Mach number (that Mach number at which the 
local speed of sound is reached at some point in 
the air flow over a body) 

Ag the algebraic sum of the components along the airplane 
Z— axis , of the airplane acceleration and the 
acceleration due to gravity, in terms of g the 
standard gravitational, unit (32.2 ft/sec 2 ) f postive 
when directed upward 

n positive limit load factor, 7.5 for this airplane 

C h rate of change of elevator hinge— moment coefficient 
with tail angle of attack at constant elevator 
angle ( dC h /dat ) 
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rate of change of elevator h ’ing e-moment coefficient 
with elevator angie at constant tail angle of 
attack (dC h /d6 e ) 


&t rate of change of tall lift coefficient with tail 
angle of attack at constant elevator angle 
( ^C Lt /Sa t ) 

T ©levator effectiveness fc a°x, t /b& e ) /bCjj^/bcLi ) I 

L J _a 

K e elevator cont r ol— sys t em mechanical 8.dvantage (F e /lIM),ft 

Q stick— force gradient in accelerated flight ( dFg/dA^ ) , 1 b/g 


H 

P 

Po 

Pe 

<L 


Pressur es 

free— stream total pressure, lb/ft 2 
free— stream s tat i cf pr essur e , lb/ft 2 ' 


standard atmospheric pressure at sea level, lb/ft 8 
elevator internal pressure, lb/ft 3 

dynamic pr es sur e ( -^pV , lb/ft 8 (except as noted) 


Xen.gths and Areals . . 

x distance parallel to the airplane X-axis, ft (positive 
, . , . forward ) . . 

x 1 ' distance from c.g. to stick-fixed neutral, point, ft 
. c length .of M,A, C , , ft .. . . . .... 

cT mean elevator chord,, ft 

b e elevator span, ft . 

.distance from c.g, to aerodynamic center of tail, ft 

S ; wing area,, ft 8 . f •' ! - *' - 

horizontal tail area, ft 3 
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forces and Moments 

L lift, lb 

L t tail lift, lb 

f «"■ ! ' elevator Control force, lb ' i 

M pitching moment about c.g. 0 lb^f t- f - 

c « g • 

M w pitching moment of wing about c.g., lb— ft 

Ma— t pitching moment of airplane minus' tail about c.g., Ib-ft 

HM elevator* hinge moment , iW 'ft 

” ' r 

- _ OoefficientB \ 

Cjj lift coefficient (L/qS, or WAZ/qS as used in this 

report ) 

Cl tail lift coefficient (l*t/qS|) ' 

Cm -pitching moment coefficient . Oic.g. /$ s 'c ) 

Cm w pitching moment coefficient of wing ( Mv/qSc) 

* pitching moment coefficient of airplane minus tail 
. , U^t/oSo) ' : 

2 

elevator hinge— moment coefficient (HM/qb e TS. ).. 

Pe elevator lnt ernal— pres-sur e coefficient [(p^— p 0 )/q] 
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APPENDIX B 
AIRPLANE ...DIMENSIONS 

r : ' 

The specif i cat ion.g of the airplane used in the. conduct 
his investigation, which were taken mainly from refer- 
ence 8, are as fpllows: , 5 . 

Airplane, general 

Manufacturer and type Bell P— ?9N— 1 

Span 34 .0 ft 

Length . ••• . 30.167 .ft 

! • * * * ‘ ' 

Height (at rest) . . v 7‘ . ....... 9. 271. ft. 

Wing . , • : •• •• ■’ • ' 

Airfoil section 

: ■ . : * ■ : > .1 - ■ 

Root (22 in. outboard of center line 

of airplane) . : . , ' NACA 0015 

Tip (projected, 204 in. outboard of 

center line of "airpianV ) .' NACA 23009' 

Area, total, including ailerons and 

section projected through fuselage . 213.22 sq ft 

Chord 

Root (22 in. outboard of center 

line of airplane) 8.22 ft 

Tip (projected 204 in. outboard of 

center line of airplane) 4.17 ft 

Mean aerodynamic chord 6.72 ft 

Dihedrals at 30 percent upper ordinate . 4.0° 

Incidence, with respect to thrust line . 2.0° 

Sweepback, leading edge. ... 4.58° 
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Horizontal tail 

o • a 

Ar cst » • • ^ 


3 « 6 4 • O C 


9 • * 


Distance, normal gross— weight center of 

gravity to one— third maximum chord point 


13,00 ft 
40.99 sq ft 

14.95 ft 


Elevator 

Span, 13,00 ft 

Area, total . . . . . • • . 16.89 sq ft 


Balance area forward of hinge line. . . . 4,30 sq ft 


Weight • ■ 

Gross, normal, and approx, as flown . • 7629 lb 

Cent er— of— gravity position 


Normal gross weight , 

gear up. , 

• « • • 

. 0,285 M,A,C. 

Engine 



\ • ' 


Type. . . . . 


3 3 » . O • O 

Allison V— 1710— 85 

Ratings, without, ram 

9.4 




Brake 
hor s e- 
power 

- Manifold 
pressure 

Engine 

speed 

(rpra) 

Altitude 

(ft) 

Take-off 

1200 

51.5 

3000 

sea level 

Military 

1125 

'44 c ;5 • 

3000 

15,500 

Normal 

1000 

39.0 

v 2600 

14,000 

Engine— pr op ell er 

speed 

ratio . . 

• • o * 

2.23 s 1 


Pr opell er 
Type. 


Aeroproducts three— blade 
hollow— steel selective 
aut oma t i c— p it ch 
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Blade model. „ . 

Maximum pitch limits ’ ' * 

Nominal . 

Measured 

e«o«eu0c 


■A-t 2 0-1 5 6-1 7 


. . . . ; l . ’28° to 63° 
• • • • • 28.7° to 65.3° 


APPENDIX C 


COMPARISON WITH DATA ON P-39D-1 AIRPLANE 

Handling qualities of a P— 39D— 1 airplane were measured 
at the lower Mach numbers at Langley Field. The aero- 
dynamic design of the P-39D-1 is the same as that of the 
P— 39N— 1 airplane. Certain comparisons can be. made from 
similar data obtained on each airplane. • 

, ..... Neutral Points 

The s tr sight— fl ight neutral— p.o int data, for the P— 39D— 1 
airplane for = 0.2 and ' 0,8 were average in the maximum 

level— flight. spe;ed condi.t-.ion and, in, it he gliding condition for 
comparison with the low— speed power— on and power-off data 
for Cl 0..5. obtained in the present investigation. 

(See fig. 7 and 8.) The comparison is facilitated' by the 
following tables 


Airplane 
c ond. it i on- 

Stick— fixed neutral • 
"point 

St ick— f r ee 
point 

neutral. 

P-39D-1 

P— 39N— 1 

P-39D-1 


p— 39N— 1 


airplan e 

airplane 

a ir plan e 


A irplan a 

Power on 

0,33 M.A.C. 

0.34 

0.33 


0.32 

Power of f 

.36 

,33 

,35 


,35 


It is seen that a rearward shift of the stick— fixed neutral 
point with power was obtained in the present tests; while 
a forward shift was reported for the P— 39D— l airplane. 
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Ar discussed previously, it is believed that the rearward 
shift obtained in the present tests was partly the result 
of the shift in propeller— speed setting for the two power 
conditions, the higher blade angles encountered with power 
off (fig 6) resulting in a greater rate of change of propeller 
side force v/ith Cl in this condition. Although the propeller 
speed settings used in the P— 39D— 1 tests are not known, it 
is possible that the tests wererun with a fixed propeller- 
speed setting for both power conditions; higher blade an gles 
would be encountered v/ith power on than with' power off, 
and the effect of this factor on the change in stability 
with power then would be oppos ite for the two series of 
tests. The agreement, however, is probably within the 
accuracy that neutral points can be measured. 

The stick— free maneuvering neutral point in the maximum 
level— flight speed condition for the P— 39S— 1 airplane was 
at 0,32 K.A.C., as compared with the average power-on and 
power— off location at 0.35 M.A.C. for the P— 39N— 1 airplane 
at low Mach numbers. ' This discrepancy is probably not 
excessive considering that data at only two center— of— 
gravity positions were used in the P— 39D— 1 analysis, 
and a theoretical extrapolation of data taken with one 
cent er— of— grav ity position was used in the present tests. 


Elevator Hinge— Moment Parameters 

Comparison of the stick— fixed and stick— free neutral 

points in the preceding table shows that Ch was 

a t 

substantially zero for' the P— 39 : D— 1 airplane as well as for 
the.P— 39N— 1 airplane. Using Cj, as zero, the wind-up— 

.v 

turn data for the P— 39D—1 airplane indicated that 

6 e 

was about —0,0040., which value agr e es ' well' wit h the value 

of —0,0043 determined in the present tests. For the maximum 

level— fl ight— speed condition and the gliding condition, the 

s traigh t— f 1 ight data for the P— 39D— 1 airplane indicated that 

Cvw was about — 0 o 0073, but this value may be somewhat in 
* 0 e . 

error as its magnitude depends directly on the slopes 

^ * e/q ) / ^L an £ e /^ l determined by points at only two 

d x d x 

cent er— of— grav ity positions. Similar data taken in the 

present investigation indicated a value of varying 

6 e 
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with lift coefficient; the value never became numerically 
greater than —0.0051, however, at speeds below the range- •• 
appreciably affected by bulging or compressibility. 

Stick— Force Gradient- 

The s t- i ck— f or'ce gradient for the P— 39D— 1 ' a irplane in 
ccelorated flight with a center— of— gravity location at 
..288 M.A.C, was found to be 3.3 lb/g from interpolation of • 
he data. The value determined her e in . f or compar abi e 
conditions on the P— 39K— 1 airplane was 4.0 lb/g. The' 
agreement is considered good. • 
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Fig. 5 
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Figure if. - [fariotbn of evfe'K? ion angts with Afc/ch number • clean 
Condition , tab neutral, c.g. crt a.2Q& Mu\lc. flo/nts crre cross^jo/ofted 
from falned data of figure It ana similar cx/rt^es to 3hov\> the 
dispersion of the c/a fa . A- 33.d- / airp/une 
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Fig. 14 


<U 


4 * 
£ $ 





.2 . 3 .4 .S' <£> .7 ■& 
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Figure 14 . — \/brrJo rion O f e/evator ang/e with lift 
coefficient and Adach number j dean condition a tab 
neutral j center of gravity at O. d& & Ad, A. C\ P- d9 A/ > 
airplane. 
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Fig. 16 
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^y/acrh namber, A/ 


f~/.grure /£> . - Is&r/arh/dn us/th Mach nc/moer- at 2 -the 
stob///ty par-onoe ters cJ£e/c/C 2 erne/ <d (?&/<? J/cS , anc/ 
the pos/Hon at? the maneu^erZpp neutra/ po/nt ; c/ean 
concZ/tjon.j tab neat/ra/^ c^p. at o.£SS M.A. C. P-J9/V-/ a/rp/one. 
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Fig. 17 



FFigt/he 17: .■ ^ l&h/a Ft oh \*r/Fh Mach number oF Fhe raFe 
oF chtcth^e dF jiinge - rhomen F coeFF/c/enF n//Fh 
e/ekdiborr angr/Q* F^3£?A/-/ a/'r/D/c/ne 
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Fig. 19 
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ta'gure J9 . — Comparison of the change with Mach 
number of the actual elevator angle required , the angle 
necessary to balance /he change in wing pitching 
moment on/t/j and the angle needed la balance the change 
in airplane - minus- tail pitching moment only / clean con- 
dition, tab neutral j eg. dt o.e&QAf.A.C. P-39 l\l- ! crirp/ane. 



Fig. 20 
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Fig. 21 



if/ . — ybriatfon • wifh /nc/ica+eaf cr/rs/o&oc/ of fhe 
st/ck - fc>rc& grc/cf/e-nf a+ .On a/t/tuc/e; of /S'OOO fe&f- 
^cf&tiip cioncJi i/curt j frim tat) neufro/j confer of grass/ ft; 
of g. c‘80 f/f; A . C, f^-JSS/K /-/ c/i /~fj /ct rrO . 









